Introduction cAMP-mediated stimulation of Cl-secretion in the human intestinal cell line T84 is accompanied by significant remodeling of F-actin, and both the secretory and cytoskeletal responses may be largely ablated by previous cell loading with phalloidin derivatives, reagents that prevent dynamic reordering of microfilaments (1991. J. Clin. Invest. 87:1903 Invest. 87: -1909 . In this study, we examined the effect of phalloidin loading on the cAMP-elicited activity of the individual membrane-associated transport proteins involved in electrogenic Cl-secretion. Efflux of 12"I and 86Rb was used to assay forskolin-stimulated Cl-and K+ conductances, respectively, and no inhibitory effect of phalloidin could be detected. Na+/K+-ATPase pump activity, assessed as bumetanide-insensitive s6Rb uptake and the ability of monolayers to generate a Na+ absorptive current in response to apical addition of a Na' ionophore, was not different between control and phalloidin-loaded monolayers. Forskolin was found to stimulate Na+/K' /2CL-cotransport (bumetanide-sensitive '6Rb uptake) in time-dependent fashion. In the absence of any agonist, cotransporter activity was markedly decreased in phalloidin-loaded monolayers. Furthermore, under phalloidinloaded conditions, the forskolin-elicited increase in bumetanide-sensitive MRb uptake was markedly attenuated. These findings suggest that cAMP-induced activity of Cl-channels, K+ channels, and the Na+/K+-ATPase are not influenced by F-actin stabilization. However, cAMP-induced activation of the Na +/ K + / 2CL-cotransporter appears to be microfilament-dependent, and ablation of this event is likely to account for the inhibition of cAMP-elicited Cl-secretion seen in the phalloidin-loaded state. Such findings suggest that the Na+/K+/2CI-cotransporter is functionally linked to the cytoskeleton and is a regulated site of cAMP-elicited electrogenic Cl-secretion. (J. Clin. Invest. 1992 . 90:1608-1613.) Key words: intestinal secretion * cytoskeleton * cell culture * cell volume * chlorides Actin-based cytoskeletal networks may influence a variety of important cellular activities through close association with integral membrane proteins, including those involved in ion transport. A notable example of a microfilament-linked transport protein is the band 3 anion exchanger oferythrocytes ( 1 ) , but similar cytoskeletal associations have also been identified in epithelial cells (2) . In the case of epithelial cells, such cytoskeletal associations are thought to be of importance in the establishment of cell polarity for vectorial transport (3) . However, it is largely unknown whether the specific transport characteristics of individual integral membrane proteins might be regulated by direct or indirect interactions with cytoskeletal elements.
The T84 cell line, a cultured human intestinal line with cryptlike features, has been widely used as a model for electrogenic Cl-secretion (4) . We recently reported that cAMP-elicited stimulation of Cl-secretion was paralleled by a striking redistribution ofF-actin confined to the basal pole ofT84 cells.
In monolayers preloaded with NBD-phallicidin' (a phalloidin derivative that stabilizes F-actin and prevents dynamic reordering of microfilaments), both the cAMP-elicited C1-secretory current and the accompanying phenotypic change in the cytoskeleton were largely ablated (5) . NBD-phallicidin loading was shown not to affect transepithelial resistance, protein synthesis, or the ability ofcells to pump Na+ . Moreover, the inhibitory effect ofNBD-phallicidin on cAMP-induced Cl-secretion was agonist-specific, since carbachol (Ca" -mediated) Cl-secretion was preserved and carbachol did not elicit a rearrangement of the cytoskeleton (5) . Such data suggest cytoskeletal influence over cAMP-regulated intestinal Cl-secretion.
Epithelial electrogenic Cl-secretion occurs via the coordinated action of four specific membrane transport processes.
Internalization of salt occurs across the basolateral membrane via the Na+/K+/2Cl-cotransporter (6) . The basolateral Na+/K+-ATPase provides the Na+ gradient permitting uptake of salt by the cotransporter, and basolateral K+ channels provide a K+ exit pathway (7) . Apically positioned Cl-channels serve as the basis for vectorial electrogenic Cl-secretion (8) . The current consensus view is that electrogenic Cl -secretion is 1 . Abbreviations used in this paper: HPBR, Hepes-phosphate buffered Ringer's solution; NBD-phallicidin, a phalloidin derivative that stabilizes F-actin and prevents dynamic reordering of microfilaments.
predominantly regulated at the level of the Cl-and, to a lesser extent, K+ channels (8) (9) (10) .
In this report, we examine the four membrane transport pathways that define Cl-secretion for evidence of cAMP-elicited and cytoskeletal-influenced regulation. We find that in addition to the known effects of cAMP on Cl-channel regulation, cAMP agonists also increase Na+/K'/2CP-cotransporter activity in this cell line. Moreover, in cells preloaded with NBD-phallicidin or the native compound phalloidin, this activation ofthe basolateral cotransporter is largely attenuated. In contrast, our findings suggest that phalloidin loading does not affect the Na+/K+-ATPase pump activity, Cl-channel activity, or K+ channel activity.
Methods
T84 cells were maintained in culture and grown on permeable collagen-coated supports (Costar Corp., Cambridge, MA) or 35-mm plastic dishes, as previously described in detail ( 11) .
Preloading ofmonolayers with NBD-phallicidin orphalloidin. Simple coincubation with 0.5 MM NBD-phallicidin for 2-20 h without previous permeabilization of T84 cells leads to its internalization and association ofthis reagent with actin (5) . Additionally, we now report that the native compound phalloidin MM), which is less permeant than NBD-phallicidin, but also far less expensive, can also be loaded into cells by coincubation for up to 24 h. This loading ofphalloidin resulted in no detectable change in baseline transepithelial resistance ( 1,131±98 fl/cm2 for monolayers loaded with 33 MM phalloidin for 24 h versus 1,169± 101 fl/cm2 for control, n = 17), and inhibited cAMP-mediated agonist (see Results) but not carbachol-(data not shown) stimulated Cl-secretion, as previously described for cells loaded with NBD-phallicidin (5), thus demonstrating the specificity and nontoxic nature of these loading conditions. There exists some passage-related variability in optimal loading conditions for NBDphallicidin and phalloidin (5) , and thus, in practice, both positive and negative controls (IS, response to cAMP-mediated agonists and carbachol, respectively) for loading efficiency are performed every three to five passages. Since the effects on electrogenic C1-secretion and individual transport pathways reported below were identical for both NBDphallicidin and phalloidin loading conditions, the results were pooled, and the term "phalloidin-loaded" is used below to refer to both reagents.
Transepithelial electrolyte transport studies. Using a dual voltage clamp (Bioengineering Department, University of Iowa, Iowa City, IA) on confluent monolayers grown on permeable collagen-coated 24-well inserts, transepithelial potential difference, resistance, and short circuit current (Is) were measured (5, 12) . In T84 cells, ISC is an accurate measurements of net Cl -secretion ( 1 1). Electrical measurements were carried out in Hepes-phosphate buffered Ringer's solution (HPBR) containing 135 mM NaCl, 5 mM KC1, 3.33 mM Na H2PO4, 0.83 mM Na2HPO4, 1 mM CaC12, 1 mM MgCl2, 10 mM glucose, and 5 mM Hepes, pH 7.5. In one set of experiments, a Cl--free HPBR solution (with gluconate substituting for chloride) was used to assess the ability of cAMP-stimulated monolayers to pump Na+ in response to an apically applied Na+ ionophore (nystatin, 500 U/ml). 86Rb and 125I efflux studies. Semiconfluent monolayers on 35-mm dishes were used 2-5 d after plating. The rate constant of 1251 and 86Rb efflux was used to estimate agonist-stimulated activation ofC1-and K+ channels; it has been validated that in T84 cells, 1251I and 86Rb can reliably replace 36C1 and 42K for measurement of efflux via Cl and K channels, respectively ( 13) . Control and phalloidin preloaded monolayers were exposed to HPBR containing 0.5-1 MCi 1251 and/or 1-2 MCi 86Rb for 60-90 min. After four rapid washes with 2 ml of unlabeled HPBR, 1 ml of fresh HPBR was placed in the dish. Using a sample-andreplace technique, 1 -ml samples were obtained at 1 -min intervals and counted by standard scintillation methods. After four baseline samples were obtained, unlabeled HPBR containing the appropriate agonist was used as the replacement solution, and further 1-min samples were obtained. The residual radioactivity in the dish was measured after extraction with 1 ml of 0.1 N NaOH. The rate constant oftracer efflux was calculated as [ln(R2) -ln(R, )I/(t2 -t,), where Rx is the percent radioactivity remaining in the monolayer at time t., as described by others ( 13) . 86Rb uptake studies. Semiconfluent monolayers grown on 35-mM dishes were preexposed to HPBR containing the appropriate agonist with or without 10 MM bumetanide for 5-20 min. After aspiration of this solution, the dishes were exposed to HPBR labeled with -1.5 MCi 86Rb for 1 min. Uptake was terminated by washing four times with an ice-cold solution containing 100 mM MgCl2 and 10 mM TRIS-Ci, pH 7.5. Cellular radioactivity was extracted with 0.1 N NaOH. Protein was determined spectrophotometrically (Pierce Chemical Co., Rockford, IL). A similar protocol was used to specifically study basolateral membrane uptake in confluent monolayers grown on permeable supports in six-well inserts in which the basolateral solution alone contained 'Rb.
For these experiments, uptakes were terminated by repeatedly dipping the insert into ice-cold MgCI2 buffer, and the filters were cut out and placed directly into scintillation vials. It has been shown by others ( 14) that for T84 cells, 86Rb uptake studies yield qualitatively similar results using cells grown either on plastic dishes or permeable supports.
Linearity ofuptake of86Rb under both unstimulated and forskolinstimulated conditions was confirmed for the initial 5 min after exposure to this isotope (r = 0.997, data not shown). Activity of the Na+/ K+/2C1-cotransporter was defined as the bumetanide-sensitive component of 86Rb uptake. This value was derived by subtracting the individual values of86Rb uptake in the absence ofbumetanide from the mean value of the uptake for dishes containing bumetanide. The bumetanide-insensitive component of uptake under these conditions largely reflects Na+/K+-ATPase activity, since the basolateral K+ conductance elicited by cAMP agonists is relatively small (see below). Under forskolin-stimulated conditions and in the presence of 1 mM ouabain, more than 85% of 'Rb uptake is in fact bumetanide-sensitive (data not shown). However, ouabain-preincubation and intracellular Na+ depletion steps ( 14) were not used ( 15, 16) to eliminate the potentially confounding effects of ouabain-induced cell swelling and altered cytosolic ion concentrations on the cytoskeleton and on cotransporter function.
Materials. NBD-phallicidin (Molecular Probes, Inc., Eugene, OR) and phalloidin (Sigma Chemical Co., St. Louis, MO) were stored in a methanol stock solution, dried under pure N2, and reconstituted in media. Bumetanide (Hoffmann-LaRoche, Inc., Nutley, NJ) and forskolin (Calbiochem, San Diego, CA) were dissolved in DMSO. Radioisotopes were obtained from New England Nuclear (Boston, MA within 2-3 min (Fig. 2 A) . This finding, consistent with Vlengarik et al. ( 13 ) , indicates that cAMP elicits opening of conductive Cl-pathways and provides a large anion efflux signal. Forskolin also caused a small but significant increase in the rate constant of 86Rb efflux (Fig. 2 B) ( 13) . To magnify the K+ channel signal to probe its potential sensitivity to phalloidin loading, we also examined 86Rb efflux after exposure to the Ca++ agonist carbachol. After carbachol (0.1 mM), the rate constant of 86Rb efflux increased from 0.026±0.004 to 0.092±0.013 min-' (n = 19, P < 0.001), consistent with the findings of others ( 13 ) .
There was no detectable difference in the maximum rate constant or the time course of 1251 efflux between control and 0.31 A 0% C 0 7i x C4 0.2 phalloidin-loaded monolayers in response to forskolin (Fig. 2  A) , indicating that the large inhibitory effect of phalloidin on the overall secretory response is unlikely to be explained by inhibition of the regulated Cl-efflux pathway. Phalloidin also exerted no detectable effect on forskolin-stimulated 86Rb efflux (Fig. 2 B) . To validate the lack ofinfluence ofphalloidin loading on K+ channels, we measured 86Rb efflux in monolayers stimulated by the Ca"+ agonist carbachol (0.1 mM), which, as shown above, elicits a much larger efflux signal than forskolin.
Even under these conditions, phalloidin did not affect 86Rb efflux (0.131±0.035, n = 5, vs. 0.092±0.013, n = 19, NS, maximal rate constants postcarbachol addition for loaded vs. control monolayers, respectively). These data not only show the lack of an effect of phalloidin loading on 1251 and 86Rb efflux, but, by indicating unaltered regulation ofCl-and K+ channels in the phalloidin-loaded state, further confirm the lack of nonspecific toxic effects of such loading.
Effect ofcytoskeletal stabilization on Na+/K+-ATPase ac- (Fig. 3) . In contrast, no significant increase In contrast, the bumetanide-insensitive component (hatched bars)
shows no significant increase with forskolin stimulation. The vertical axis expresses 86Rb as corrected for the specific activity of K+, for which it acts as a tracer, calculated as in (28) . ., Sensitive; m, Insensitive.
in the bumetanide-insensitive component of uptake (Na+/ K+-ATPase) was noted (Fig. 3) . Such data indicate that cotransporter activity is upregulated in response to cAMP and that this upregulation occurs subsequent to the opening of the regulated apical Cl-efflux pathway (compare with 1251 efflux time course, Fig. 2 A) . served inhibitory effect ofphalloidin loading on cAMP-elicited C1-secretion. Thus, cytoskeletal stabilization by phalloidin prevents the up-regulation of Na+/K+/2CF-cotransporter activity, which we show characterizes cAMP-mediated Cl-secretion. In the absence of any agonist, bumetanide-sensitive 86Rb uptake was also reduced by phalloidin loading (92±20 vs.
31±4 nmol-g-'-min-' for 86Rb uptake for control and phalloidin-loaded monolayers, respectively, in the basal state, P < 0.01), but bumetanide-insensitive uptake was unaffected. Lastly, subsets of experiments performed on confluent monolayers grown on permeable supports revealed that basolateral bumetanide-sensitive 86Rb uptake was stimulated by forskolin (data not shown) and was similarly inhibited by phalloidin loading (71±8% inhibition of uptake under forskolin-stimulated, phalloidin-loaded conditions compared to controls, n = 6), indicating that with either plastic-or collagen/filtergrown cells, microfilament-dependent regulation of this cotransporter by cAMP is evident.
Discussion
The actin-based cytoskeleton, once thought to be responsible primarily for the maintenance of cell shape and surface polarity, has been shown to play an important and active role in the regulation of epithelial barrier function through modulation of tight junction integrity ( 18, 19) . It now appears that the cytoskeleton may influence transcellular ion transport events as well. For example, patch clamp studies ofa renal epithelial Na+ channel have indicated that addition of the actin-severing protein gelsolin to the membrane patch can influence channel conductance (20) . Additionally, we reported that cAMP-elicited Cl-secretion in T84 cells is accompanied by significant cytoskeletal remodeling, and that both the secretory and cytoskeletal responses may be largely inhibited by NBD-phallicidin (5) . In the present study, we show that electrogenic Cl-secretion induced by cAMP is accompanied by activation of the Na+/K+/2Cl-cotransporter, and that while phalloidin loading has minimal or no influence on Cl-and K+ channels and the Na+/ K+ -ATPase, it effectively inhibits both the basal and cAMP-induced activity of the cotransporter. A major site ofregulation ofcAMP-elicited Cl -secretion is known to be the apical membrane Cl-channels (8) (9) (10) . However, the present experiments indicate that stabilization of Factin by phalloidin does not affect the basal or cAMP-stimulated states ofthe apical Cl-channels, excluding the possibility that the inhibitory effect of phalloidin on cAMP-elicited C1-secretion occurs at this site. This result is consistent with our previously reported morphologic data indicating that the cAMP-induced rearrangement of microfilaments was confined to the basolateral aspect of the cells, while apical and perijunctional F-actin was unaffected (5 (22) .
Our data suggest cytoskeletal involvement in cAMP-mediated up-regulation ofthe cotransporter. Regulated microfilament-dependent insertion of other membrane transport proteins, such as water channels (25) into plasma membranes, is well known. Cytoskeletal linkage to the cotransporter has been suggested previously (6) , but direct evidence for such a relationship has been lacking. Haas and Forbush have identified a 1 50-kD protein with high affinity for a photoreactive bumetanide analog (26) , which may represent the cotransporter itself, but whether this protein is associated with the cytoskeleton is as yet unknown. Our data raises the intriguing possibility that an intermediate phosphorylation step of a cytoskeletal protein is necessary for cotransporter up-regulation, since prevention of microfilament remodeling by phalloidin also blocked the cAMP-elicited increase in cotransporter activity.
The exact relationship by which a cAMP stimulus leads to both F-actin reorganization and enhanced cotransporter function in T84 cells is uncertain. Since up-regulation of cotransporter activity probably involves the appearance of additional functional cotransporters on the basolateral membrane, it is conceivable that cotransporter activity is directly influenced by an A-kinase dependent phosphorylation of a cytoskeletal element, leading to microfilament-dependent insertion or activation of cotransporters. It has been proposed that Na+/K+/ 2C1-cotransporter up-regulation may be signaled by decreases in cell volume caused by the obligatory water loss accompanying effilux of cellular CP-and/or K+ (22) , or even by decreases in cytosolic Cl-activity (27) . While altered cell volume or intracellular ion activities could play a role in the cAMP-mediated up-regulation of T84 cell cotransporter function, our data imply that the microfilamentous cytoskeleton is crucial for the transduction of such a putative signal. We do not know whether phalloidin loading causes secondary cell shrinkage attributed to F-actin influence over basal cotransporter activity; however, since phalloidin loading does not interfere with cAMP-elicited salt efflux via Cl-and K+ channels, both cell shrinkage and decreased intracellular [CP-] must follow forskolin treatment, yet in our experiments cotransporter activity remained unchanged over baseline in the phalloidin-loaded state. Our data strongly support a key role for the cytoskeleton in the dynamic regulation ofintestinal salt and water secretion.
